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Regulation of Notch Signaling by O-Linked Fucose
Recently, both Drosophila and mammalian FNG pro-Tetsuya Okajima and Kenneth D. Irvine1
teins have been shown to act as 1,3 N-acetylglucos-Howard Hughes Medical Institute
aminyltransferases that elongate O-linked fucoseWaksman Institute and Department of Molecular
(O-fucose) residues attached to epidermal growth factorBiology and Biochemistry
(EGF) domains (Bruckner et al., 2000; Moloney et al.,Rutgers, The State University of New Jersey
2000a). Both Notch and its ligands are substrates forPiscataway, New Jersey 08854
the glycosyltransferase activity of FNG (Bruckner et al.,
2000; Moloney et al., 2000a; Panin et al., 2002). In Chi-
nese hamster ovary (CHO) cells, the N-acetylglucos-Summary
amine added by FNG can then be further elongated by
an endogenous 1,4 galactosyltransferase and a sialyl-Notch and its ligands are modified by a protein
transferase to yield the tetrasaccharide: Sia-2,3-Gal-O-fucosyltransferase (OFUT1) that attaches fucose to
1,4-GlcNAc-1,3-Fuc (Moloney et al., 2000b; Panin eta Serine or Threonine within EGF domains. By using
al., 2002). Elongation by 1,4-galactosyltransferase isRNAi to decrease Ofut1 expression in Drosophila, we
required for the ability of mouse Manic fng to inhibitdemonstrate that O-linked fucose is positively re-
signaling by the ligand Jagged1 in a cultured cell assay,quired for Notch signaling, including both Fringe-
but further elongation by sialic acid is not (Chen et al.,dependent and Fringe-independent processes. The
2001). Genetic studies and cell culture experiments fur-requirement for Ofut1 is cell autonomous, in the sig-
ther indicate that Fringe acts cell autonomously to influ-nal-receiving cell, and upstream of Notch activation.
ence cell’s ability to receive ligand signals (Bruckner etThe transcription of Ofut1 is developmentally regu-
al., 2000; Hicks et al., 2000; Panin et al., 1997). Alto-lated, and surprisingly, overexpression of Ofut1 inhib-
gether, current observations thus imply that FNG modu-its Notch signaling. Together, these results indicate
lates Notch signaling by participating in the synthesisthat OFUT1 is a core component of the Notch pathway,
of O-fucose-containing glycans (O-fucose glycans)which is required for the activation of Notch by its
attached to EGF domains of Notch.ligands, and whose regulation may contribute to the
O-fucose is a rare form of glycosylation and has onlypattern of Notch activation during development.
been identified on a few proteins: Notch, Notch ligands,
plasminogen activators, blood clotting factors, EGF-Introduction
CFC proteins, Thrombospondin, and the Locust PMP-C
peptide (reviewed in Haltiwanger, 2002). With the excep-The Notch signaling pathway mediates a wide range of
tion of Thrombospondin and PMP-C, the fucose is al-cell fate decisions throughout the metazoa (reviewed
ways attached to a Serine or Threonine that occurs rightin Artavanis-Tsakonas et al., 1999; Mumm and Kopan,
before the third cysteine of an EGF repeat. Initial studies2000). It is comprised of a set of core components,
suggested that the addition of O-fucose is further re-including, in Drosophila, the ligands Delta (DL) and Ser-
stricted to a narrow consensus sequence, C2 XXGGS/rate (SER), the receptor Notch, proteins involved in the
TC3 , where C2 and C3 are the second and third cysteinesproteolytic cleavages of Notch that are associated with
of the EGF domain, and S/T is the modified amino acidreceptor activation, and nuclear proteins that form a
(Harris and Spellman, 1993). However, more recent stud-complex with the cleaved intracellular domain of Notch
ies suggest that a broader array of sites may be modi-to regulate the transcription of downstream genes. Su-
fied, as long as a Serine or Threonine is before the third
perimposed upon these core components is a wide array
cysteine of the EGF domain (Panin et al., 2002; Wang
of modulators, each of which influences only a subset
and Spellman, 1998). Thus, between 11 (according to
of Notch signaling processes (reviewed in Justice and the original narrow consensus) and 23 (according to
Jan, 2002; Panin and Irvine, 1998). One modulator, the broadest possible revised consensus, C2 X3–5S/TC3 ,Fringe (FNG), has been best studied in Drosophila, where X3–5 are any 3–5 amino acid residues) of the 36where it influences Notch during inductive signaling pro- EGF repeats in the extracellular domain of Drosophila
cesses in the wing, eye, leg, and ovary, but has little or Notch may be modified by O-fucose. DL and SER also
no effect on Notch-dependent lateral inhibition or cell contain multiple consensus sites for the addition of
lineage decisions (reviewed in Irvine, 1999; Panin and O-fucose among the EGF repeats in their extracellular
Irvine, 1998). FNG exerts a positive effect on reception domains (Panin et al., 2002). Vertebrate Notch recep-
of DL, but a negative effect on reception of SER. In the tors and ligands contain similar numbers of potential
wing, these opposing effects of FNG help to position O-fucose sites as their Drosophila counterparts, and in
and restrict Notch activation to a stripe of cells along some instances, the presence of consensus sites within
the dorsal-ventral (D-V) border. This local activation of a specific EGF repeat is highly conserved (Moloney et
Notch then affects the growth of the wing, the establish- al., 2000b; Panin et al., 2002). Although the extent of
ment of the D-V compartment boundary, and the differ- O-fucosylation on Notch and its ligands in vivo is un-
entiation of the wing margin (reviewed in Irvine and clear, at least several of the potential sites are utilized
Rauskolb, 2001; Irvine and Vogt, 1997). in cultured cells (Bruckner et al., 2000; Moloney et al.,
2000a; Panin et al., 2002).
The biochemical function of FNG raises the question1Correspondence: irvine@waksman.rutgers.edu
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of whether the O-fucose monosaccharide on Notch and
its ligands functions solely as a substrate for FNG, or
whether it too has an influence on Notch signaling. Inter-
estingly, the ability of Jagged1 to activate Notch1 is
impaired in Lec13 cells, irrespective of the presence of
FNG (Chen et al., 2001; Moloney et al., 2000a). Lec13
cells are deficient in the synthesis of GDP-fucose, the
sugar donor for fucosyltransferases. By contrast, Jag-
ged1 signaling to Notch1 is not significantly affected in
Lec1 cells, which are defective in the synthesis of com-
plex and hybrid-type N-linked glycans. Together, these
observations are consistent with the possibility that the
O-fucose monosaccharide can influence Notch signal-
ing. However, the assay only monitors the influence on
a single cell type, the reduction is slight (0.7-fold), and
fucose is also normally attached to other glycans that
would be altered in Lec13 mutants. Thus, the actual
influence of O-fucose on Notch signaling has remained
unknown.
To elucidate the biological requirements for EGF-O-
fucose, we initiated genetic studies of the enzyme respon-
sible for its synthesis, GDP-fucose protein O-fucosyltrans-
ferase 1. This enzyme has been purified previously from
CHO cells, and its sequence used to identify the corre-
sponding human gene (POFUT1) (Wang et al., 2001;
Wang and Spellman, 1998). Related genes are also en-
coded by the Drosophila and C. elegans genomes (Wang
et al., 2001). Our studies of the Drosophila GDP-fucose
protein O-fucosyltransferase 1 establish that O-fucose
is essential for normal Notch signaling, and further imply
that regulation of O-fucosylation may influence the pat-
tern of Notch activation.
Results
Ofut1 Encodes a Drosophila EGF O-Fucosyltransferase
Blast searches of Drosophila genomic and cDNA se-
quences identify a single closely related homolog (40%
identity) of the human GDP-fucose protein O-fucosyl-
transferase 1. We symbolize this Drosophila gene
(CG12366) as Ofut1, and the protein product it encodes
as OFUT1. Like most glycosyltransferases, the gene
product includes a predicted amino-terminal type II
transmembrane domain (Figures 1A and 1B). Typically,
deletion of the transmembrane domain of a glycosyl-
transferase does not affect its activity, but prevents its
retention in the Golgi, resulting in the secretion of a
functional enzyme. Thus, to confirm of the enzymatic
activity of Drosophila OFUT1, a construct truncated near
the C terminus of the transmembrane domain was
Figure 1. Structure and Activity of Drosophila OFUT1 cloned into a plasmid containing an N-terminal signal
(A) A 1330 nt Ofut1 mRNA extends from 26 to 1304, where the sequence (Figure 1A). This construct was then ex-
first nt of the initiation codon is defined as 1. The mRNA is derived pressed in cultured Drosophila S2 cells, and media from
from a primary transcription unit of 1385 nt, including a 55 nt intron these cells was assayed for EGF O-fucosyltransferase
(dashed). The RNAi construct iOfut1 includes sequences from 154
activity using GDP-[14C]fucose as a donor substrate, andto 967 and from 1040 to 154, transcription of this generates a 814
nt double-stranded RNA, with a 73 nt loop. OFUT1 is 402 aa, and
includes a predicted type II transmembrane domain (gray) from aa
10–26. Bip OFUT1 includes the 18 aa BiP signal peptide (black),
fused to aa 23 of OFUT1. ages from three independent experiments; error bars indicate one
(B) Kyte-Doolittle Hydopathy plot of OFUT1, the hydrophobic peak standard deviation.
at the amino terminus corresponds to the transmembrane domain. (D and E) Glycosyltransferase assays using, as the acceptor, FLAG-
(C) Histogram of results of fucosyltransferase assays with [14C]-GDP- ECN isolated from S2 cells or isolated from S2 cells treated with
fucose and the acceptor substrates and enzyme sources indicated. dsRNA for Ofut1 and, as the enzyme, S2 cell media, Drosophila
S2 indicates medium from mock-transfected cells. Values are aver- OFUT1, or Drosophila FNG.
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an EGF domain from clotting Factor VII as an acceptor pressed at different levels, this method allows for
significant control over expression levels. As a test ofsubstrate. S2 cells must express an EGF O-fucosyl-
transferase endogenously, as Notch, DL, and SER pro- the effectiveness of our RNAi construct, we monitored
Ofut1 mRNA levels by quantitiative, real-time RT-PCR.duced in these cells is modified with O-fucose (Bruckner
et al., 2000; Moloney et al., 2000a; Panin et al., 2002). Ofut1 mRNA levels were reduced to 7% of wild-type
levels in whole larvae expressing iOfut1 ubiquitouslyHowever, the endogenous enzyme should be largely
restricted to the Golgi by its transmembrane domain, under da-Gal4 control.
O-fucose serves as a substrate for the N-acetylglu-and very little fucosyltransferase activity was provided
by medium prepared from mock-transfected S2 cells cosaminyltransferase activity of FNG. Hence loss of
O-fucose by downregulation of Ofut1 should at least(Figure 1C). The small amount detected may reflect re-
lease from the Golgi by proteolysis, as occurs with some prevent FNG-dependent modulation of Notch signaling.
We first investigated the consequences of downregula-other glycosyltransferases, including mammalian
OFUT1 (Wang and Spellman, 1998). Importantly, me- tion of Ofut1 in the wing by driving expression of iOfut1
along the anterior-posterior (A-P) boundary under thedium from transfected S2 cells possesses over 20-fold
more fucosyltransferase activity than mock-transfected control of the patched (ptc) promoter. In ptc-Gal4 UAS-
iOfut1 flies, wing tissue is lost from the distal edge,cells (Figure 1C). Thus, EGF O-fucosyltransferase activ-
ity is conferred upon S2 cell medium by the expression where the A-P boundary intersects the wing margin (Fig-
ure 2A). The wing margin is specified by an FNG-depen-of a soluble form of OFUT1.
To confirm that Factor VII EGF is fucosylated by the dent activation of the Notch pathway, and loss of tissue
from the edge of the wing can also be induced by lossDrosophila enzyme at the site recognized by the mam-
malian enzyme, the activity of Drosophila OFUT1 was of fng or Notch. ptc-Gal4 UAS-iOfut1 flies also have
phenotypes in other adult tissues that are consistentalso assayed on Factor VII EGF that had been previously
fucosylated in vitro by the CHO cell enzyme (Wang and with a loss of fng-dependent Notch signaling, including
leg segment fusions, and at low frequency, small eyesSpellman, 1998). O-fucosylated EGF is a substrate for
FNG (Moloney et al., 2000a), but was not detectably (not shown).
To confirm that the phenotypes of iOfut1 expressionmodified by Drosophila OFUT1, and similar results were
obtained using a lysate containing the partially purified result specifically from decreased levels of OFUT1, we
also created a UAS-Ofut1 transgene. Overexpression ofCHO cell enzyme (Figure 1C). Together, these results
demonstrate that Ofut1 encodes a Drosophila GDP- OFUT1 under ptc-Gal4 control in wild-type flies can re-
sult in a mild wing vein phenotype (Figure 2B). Impor-fucose protein O-fucosyltransferase 1 that specifically
fucosylates an EGF domain at the same site recognized tantly, however, when UAS-Ofut1 and UAS-iOfut1 are
co-expressed under ptc-Gal4 control, their phenotypesby its mammalian ortholog.
To confirm that Notch is a substrate for OFUT1, we are mutually suppressed, resulting in phenotypically
wild-type wings (Figure 2C).expressed a protein, FLAG-ECN (Moloney et al., 2000a),
that includes all 36 EGF repeats of Notch. FLAG-ECN To confirm that the loss of wing tissue in ptc-Gal4
UAS-iOfut1 flies reflects a loss of Notch signaling, weisolated from S2 cells is an acceptor for the fucosyltrans-
ferase activity of OFUT1 (Figure 1D). FLAG-ECN is also analyzed the expression of Notch-dependent target
genes in late third-instar wing imaginal discs. The ex-a substrate for FNG when isolated from S2 cells (Molo-
ney et al., 2000a) (Figure 1E), and hence must be modi- pression of cut and wingless (wg), as well as expression
driven by the boundary enhancer of vestigial (vg), isfied by endogenous O-fucosyltransferase activity. Thus,
to further demonstrate that Notch is a substrate for detected specifically along the D-V border of the wing
imaginal disc, reflecting the peak of Notch activation inOFUT1, S2 cells expressing FLAG-ECN were treated
with Ofut1 double-stranded RNA (dsRNA). This can re- the wing (Figure 2D). A fourth target, the E(spl)m gene,
is expressed throughout the wing, presumably becausesult in degradation of endogenous Ofut1 mRNA through
RNA interference (RNAi) (Clemens et al., 2000). Indeed, it responds to much lower levels of Notch activation
(Cooper et al., 2000) (Figure 2F). The vg boundary en-FLAG-ECN isolated from S2 cells treated with Ofut1
dsRNA is both a better substrate for OFUT1, and a worse hancer and the E(spl)m enhancer contain binding sites
for Su(H), and appear to be direct targets of Notch sig-substrate for FNG (Figures 1D and 1E).
naling (Cooper et al., 2000; Kim et al., 1996). Importantly,
the expression of all four Notch targets is repressedOfut1 Is Required for fng-Dependent
along the A-P border in wing discs from ptc-Gal4 UAS-Notch Signaling
iOfut1 animals (Figures 2E, 2G, and data not shown).In order to examine loss-of-function phenotypes for
Thus, reduction of O-fucose levels by downregulationOfut1, we employed dsRNA-mediated RNAi in flies.
of Ofut1 inhibits Notch signaling during Drosophila wingdsRNA was generated by using the UAS-Gal4 system
development.to express a portion of Ofut1 in an inverted repeat with
As a further test of the requirement for Ofut1 in fng-an intervening loop (iOfut1) (Figure 1A). We focused on
dependent Notch signaling, we took advantage of thethis expressed dsRNA method rather than injecting
observation that ectopic FNG expression in ventral cellsdsRNA for several reasons, including more consistent
under ptc-Gal4 control induces ectopic Notch activationphenotypes, greater temporal and spatial control, and
(Kim et al., 1995). The ability of FNG to induce Notchthe ability to downregulate Ofut1 during larval and adult
activation in ventral cells was completely suppresseddevelopment. Moreover, because UAS-Gal4 driven ex-
by co-expression with iOfut1 (not shown). Since FNGpression is temperature-sensitive in Drosophila, and dif-
ferent insertions of the same UAS construct can be ex- requires an EGF-O-fucose substrate, this suppression
Cell
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also supports the conclusion that OFUT1 activity is sig-
nificantly impaired in cells expression iOfut1.
Ofut1 Is Required for fng-Independent
Notch Signaling
Because fng serves to position, rather than simply to
promote, Notch activation in the wing, loss of fng also
results in ectopic Notch activation, which is manifest
as the induction of Notch target gene expression and
ectopic wing margins (Irvine and Wieschaus, 1994; Kim
et al., 1995). By contrast, ptc-Gal4 UAS-iOfut1 flies never
have ectopic Notch activation (Figures 2A and 2E). This
suggests that O-fucose is not simply a substrate for
FNG, but rather that it may have some additional func-
tion that prevents ectopic Notch activation despite the
absence of FNG-dependent glycans.
In order to investigate other potential requirements
for O-fucose during development, UAS-iOfut1 was
crossed to several different Gal4 lines that drive expres-
sion in a variety of different tissues and patterns. These
resulted in a range of phenotypes including rough eyes,
thickened wing veins, loss of notal and abdominal micro-
chaete, induction of additional notal macrochaete, leg
segment fusions, and loss of wing margin (Figures 3B,
3E, and data not shown). When iOfut1 was expressed
broadly (e.g., da-Gal4), high levels of expression caused
lethality. All of the phenotypes observed are consistent
with a reduction in Notch signaling. Notably, however,
many of these phenotypes, such as thickened wing
veins (Figure 3B) or loss of notal microchaete (Figure
3E) are not associated with mutation of fng (Irvine and
Wieschaus, 1994). This implies that O-fucose is not sim-
ply an acceptor substrate for FNG, but rather is required
more generally for Notch signaling.
Ofut1 Is Required for Notch-Dependent Lateral
Inhibition and Lineage Decisions
Notch plays important roles in a wide variety of events,
but its effects can be broken down into a few distinct
modes. These modes are distinguished both by the way
the Notch pathway is utilized and types of modulators
that are employed to regulate Notch signaling (Bray,
1998; Justice and Jan, 2002; Panin and Irvine, 1998).
The two best studied and most widely utilized FNG-
independent modes of Notch signaling are lateral inhibi-
tion and cell lineage decisions. During the development
of the Drosophila nervous system, Notch-dependent lat-
eral inhibition functions to limit the number of neural
precursor cells. In the peripheral nervous system, the
sensory organ precursor cells (SOPs) then go through
asymmetric cell lineage decisions, each of which is regu-
lated by Notch, to generate the distinct cell types of the
sensory organ (Figures 4A–4C).Figure 2. Ofut1 Is Required for fng-Dependent Notch Signaling
Notal microchaete are mechanosensory organs, and
(A–C) Adult wings from flies with ptc-Gal4 and (A) UAS-iOfut1, (B)
their loss when iOfut1 is expressed throughout the no-UAS-Ofut1[11.4], (C) UAS-iOfut1 UAS-Ofut1[11.4]. Arrow in (A)
tum under ap-Gal4 control (Figure 3E) could be consis-points to wing notching; arrow in (B) points to splitting of L4 vein.
(D and F) Wild-type and (E and G) ptc-Gal4 UAS-iOfut1 UAS-GFP tent either with increased Notch signaling during lateral
late third instar wing discs stained for WG (D and E; red); or inhibition, resulting in loss of SOPs (Figure 4A), or de-
-galactosidase (F and G; red). creased Notch signaling during lineage decisions, re-
(F and G) carry E(spl)m-lacZ. E and G are merged images showing sulting in loss of the bristle-forming shaft cell (Figures
the ptc expression domain, as visualized by expression of GFP
4B and 4C). To investigate these possibilities, we exam-(green). Arrows point to loss of WG or E(spl)m-lacZ expression.
ined the influence of iOfut1 expression on SOP develop-
ment using neuralized (neur) expression as a molecular
Regulation of Notch Signaling by O-Linked Fucose
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marker of SOP fate. An enhancer trap insertion, neur-
lacZA101, can be used to detect expression of neur in the
SOP, and because of the perdurance of -galactosi-
dase, in its progeny. Notal microchaete SOPs are speci-
fied around 12 hr after puparium formation (APF), but
for technical reasons we stained pupal nota at 15–18 hr
APF, at which time well-spaced clusters of 2–3 cells are
revealed by neur-lacZA101 staining in wild-type animals
(Figure 4D). By contrast, in ap-Gal4 UAS-iOfut1 nota, a
dramatic increase in neur-lacZA101 staining is observed,
and neur-lacZA101 expression is not evenly spaced (Fig-
ure 4E). Thus, ap-Gal4 UAS-iOfut1 animals exhibit a
failure in lateral inhibition.
To directly examine the influence of O-fucose on cell
lineage decisions, we used markers for two of the dis-
tinct cell types that are generated from each SOP. ELAV
is a nuclear protein that is expressed in neurons, while
Prospero is a transcription factor that is expressed in the
sheath cell (Figure 4F). While the neur-lacZA101 staining
described above was conducted on animals raised at
29C, by 24–30 hr APF, when the sheath and neuron
cells have been specified, the nota were too fragile to
be stained, presumably because of an extensive loss of
epithelial cells. Thus, ap-Gal4 UAS-iOfut1 animals were
raised at 25C, which generates a weaker phenotype
but allowed the tissue to be stained. Strikingly, the num-
ber of neurons was significantly increased in these ani-
mals, while at the same time the number of sheath cells
was significantly decreased (Figure 4G). The simultane-
ous increase in neurons and decrease in sheath cells is
diagnostic for a loss of Notch signaling in the presump-
tive sheath cell during the pIIIb cell division (Figure 4B).
Although the phenotype is somewhat variable, presum-
ably due to the relatively weak expression of iOfut1, we
note that in many cases clusters of cells are observed
that contain more than two neurons (Figure 4G). This
observation is consistent with the hypothesis that Ofut1
is in fact required for other asymmetric cell divisions in
the SOP lineage. Similarly, the absence of bristle or
socket cells in the adult notum (Figure 3E), despite the
substantial increase in SOPs (Figure 4E), implies that
Ofut1 is also required for Notch activation in the pre-
sumptive pIIa cell (Figure 4B). Together, our results es-
tablish that Ofut1 is required for the Notch-dependent
processes of lateral inhibition and asymmetric cell lin-
eages during microchaete development, neither of
which requires fng.
Ofut1 Is Not Detectably Required by Other
Signaling Pathways
The phenotypes observed when iOfut1 is expressed un-
der the control of various Gal4 drivers are all consistent
with a specific requirement in the Notch pathway. None-
theless, in order to address the possibility that other
pathways are affected, we also examined signaling me-
diated by three other pathways: Hedgehog (HH), Deca-
Figure 3. Ofut1 Is Required for fng-Independent Notch Signaling pentaplegic (DPP), and Wingless (WG). This was
(A–C) Adult wings from (A) wild-type, (B) sd-Gal4 UAS-iOfut1, and (C) achieved by staining third instar wing imaginal discs
sd-Gal4 UAS-Ofut1[11.1]. Both RNAi and overexpression of Ofut1
from ap-Gal4 UAS-iOfut1 animals with antibodies thatcause similar phenotypes of wing loss and thickened veins, for
recognize full-length CI (upregulated by HH signaling),comparison arrow points to the L5 vein.
Spalt (upregulated by DPP signaling), and Vestigial(D–G) Adult nota from (D) wild-type, (E) ap-Gal4 UAS-iOfut1, (F) ap-
Gal4 UAS-Ofut1[11.1], and (G) ap-Gal4 UAS-Ofut1[11.1] UAS-fng. (upregulated by WG and DPP signaling). As a control,
Arrows in (F) point to stripes of highly increased bristle density. these discs were stained simultaneously for expression
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Figure 4. Ofut1 Is Required during Lateral In-
hibition and Asymmetric Cell Lineages
(A) The SOP (dark brown) is selected from
a cluster of competent proneural cells (light
brown) by Notch-mediated lateral inhibition.
In wild-type, one proneural cell becomes an
SOP and the remainder become epidermal.
(B) The SOP goes through asymmetric cell
divisions regulated by Notch. The cell fates
that are promoted by Notch activation are
indicated by solid lines; the cell fates that
form in the absence of Notch activation are
indicated by the dashed lines.
(C) The SOP progenitors assemble into a sen-
sory organ with the shaft and socket cells
externally visible and the sheath, neuron, and
glial cells internal. Pupal nota from (D) wild-
type and (E) ap-Gal4 UAS-iOfut1 flies raised
at 29C and carrying neur-lacZ; stained for
expression of -galactosidase (brown). Pupal
nota from (F) wild-type, (G) ap-Gal4 UAS-iO-
fut1, and (H) ap-Gal4 UAS-Ofut1[11.1] flies,
raised at 25C and doubly stained for expres-
sion of ELAV (green) and Prospero (red, im-
ages marked prime).
of the Notch target E(spl)m-lacZ. We found that in non-expressing cells. Expressing cells can be simulta-
neously marked by expression from a UAS-GFP trans-dorsal cells, where ap-Gal4 drives the expression of
iOfut1, expression of the HH, DPP, and WG targets was gene. Importantly, all four of the molecular markers of
Notch signaling that we examined were repressed cellunaffected, while expression of E(spl)m-lacZ was sup-
pressed (Supplemental Figures S1A–S1C available at autonomously in ptc-Gal4 UAS-iOfut1 wing imaginal
discs (Figures 2E, 2G, and data not shown). This cell-http://www.cell.com/cgi/content/full/111/6/893/DC1).
Although HH, DPP, and WG signaling are not known to autonomous effect indicates that OFUT1 activity is re-
quired for cell’s ability to receive ligand signals, andhave essential core components that contain consensus
sites for O-fucosylation, two key proteins in the tissue would thus be consistent with the hypothesis that the
polarity pathway (reviewed in Adler, 2002), Fat and Fla- key substrate of OFUT1 is Notch.
mingo, do contain EGF repeats with potential O-fucose However, the Notch ligands DL and SER are also mod-
sites. Nonetheless, no obvious tissue polarity phenotype ified by O-fucose (Panin et al., 2002). Expression of Dl
was observed in the wings of animals expressing iOfut1 and Ser in the wing is maintained by Notch activation,
under ap-Gal4 control, even though an obvious Notch hence their transcription decreases when Notch signal-
phenotype, thickened wing veins, was detected (Sup- ing is impaired. Thus, in order to examine the ability of
plemental Figure S1D available at above website). While Notch ligands to signal in the presence of iOfut1, we
it remains possible that some additional effects will be expressed them under the control of the ptc promoter.
revealed when null alleles of Ofut1 become available, This results in strong Notch activation in cells outside
these results establish that at the levels of impairment the ptc stripe (Doherty et al., 1996; Kim et al., 1995)
that can be achieved by RNAi, Ofut1 appears to be (Figures 5A and 5C). Inside the ptc stripe Notch activa-
specifically required for Notch signaling. tion is weaker and incomplete, because high level ex-
pression of Notch ligands inhibits Notch signaling. When
Dl or Ser was co-expressed with iOfut1, Notch activa-Positioning the Requirement for OFUT1 in the
Notch Signaling Pathway tion, as monitored by WG expression, was suppressed
inside the ptc stripe, but not outside of the stripe (FiguresWhen iOfut1 is expressed under ptc-Gal4 control, a
sharp boundary exists between iOfut1 expressing and 5B and 5D). Although our experiments are subject to
Regulation of Notch Signaling by O-Linked Fucose
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Figure 5. Positioning Ofut1 in the Notch Pathway
All images show late third instar wing discs, with the ptc expression stripe (green) marked by co-expression from UAS-GFP. Images marked
prime show single channel expression of the image to the left.
(A-E) Show WG (red), with WG induction inside the ptc stripe marked by an arrow, and its absence marked by an asterisk.
(A) ptc-Gal4 UAS-Ser, (B) ptc-Gal4 UAS-Ser UAS-iOfut1, (C) ptc-Gal4 UAS-Dl, (D) ptc-Gal4 UAS-Dl UAS-iOfut1, and (E) ptc-Gal4 UAS-
activated-N UAS-iOfut1. Because of an early lethality associated with high-level activated Notch, these flies were raised for three days at
18C and then shifted to 29C for three days. Expression of iOfut1 alone under these conditions effectively represses Notch signaling. Expression
of activated-Notch under these conditions distorts the imaginal disc, presumably due to severe overgrowth.
(F) Notch expression (red) in ptc-Gal4 UAS-iOfut1. The upper images are horizontal sections, and the lower images are vertical sections, with
apical Notch expression marked (arrow). Similar results are obtained with antibodies against the intracellular domain (shown) or the extracellular
domain (not shown).
the caveat that O-fucosylation may not be completely wing imaginal disc, with the highest protein levels con-
centrated apically (Fehon et al., 1991). In wing cells ex-inhibited, these results indicate that a reduction in
OFUT1 levels that impairs the ability of cells to receive pressing iOfut1, Notch is readily detected and the sub-
cellular distribution of Notch is similar to wild-type, withNotch signals does not detectably diminish their ability
to send them. They also show that the block in Notch the highest levels of Notch protein observed at the apical
and basal edges (Figure 5F). This distribution indicatesactivation associated with reduction of O-fucose is not
overcome by elevating expression of Notch ligands. that Notch is not unstable when OFUT1 levels are de-
creased, nor is it stuck in the ER or Golgi. Rather, itActivation of Notch involves proteolytic cleavages,
and expression of the intracellular domain of Notch appears to traffic through the secretory pathway to the
cell surface. Strikingly however, the levels of Notch pro-alone results in a constitutive, ligand-independent acti-
vation of the Notch pathway (reviewed in Mumm and tein were substantially increased (Figure 5F). The in-
creased level of Notch protein detected is consistentKopan, 2000). If OFUT1 influences Notch signaling by
glycosylating its extracellular EGF domains, then the with the hypothesis that O-fucose is required for the
activation of Notch —because Notch is cleaved uponexpression of the intracellular domain of Notch should
be epistatic to expression of iOfut1. To test this, both activation, failure to signal to Notch can be expected to
result in increased levels of Notch. Indeed, loss of DLconstructs were expressed under ptc-Gal4 control. In-
deed, the ability of the intracellular domain of Notch has been reported to cause just such an increase in the
Drosophila ovary (Lopez-Schier and St. Johnston, 2001).to activate downstream targets was unaffected by co-
expression with iOfut1 (Figure 5E).
We also investigated whether O-fucose influences the Ofut1 Expression Is Developmentally Regulated
The demonstration that Ofut1 is broadly required forstability or subcellular localization of Notch. In wild-type,
Notch is expressed ubiquitously throughout third instar Notch signaling raises the question of whether it is sim-
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Figure 6. Expression of Ofut1
In situ hybridization using an anti-sense Ofut1
RNA probe to embryos at (A) stage 2, (B)
stage 10 and (C) stage 11, (D) stage 13, (E)
stage 16, to (F) eye-antennal and (G) wing
imaginal discs, and to (I) larval brain and CNS.
Arrows point to the lymph gland (left) and the
gonad (right) in (E), and to the morphogenetic
furrow in (F).
(H) A wing imaginal disc stained with a sense
strand probe (negative control) in parallel to
the disc shown in (G).
ply a permissive factor that is expressed and required larval brain and CNS Ofut1 is expressed in a complex
pattern including the proliferation centers of the opticubiquitously, or whether instead its expression might
be patterned and contribute to the regulation of Notch ganglia, and large cells we have tentatively identified as
neuroblasts in other regions (Figure 6I).activation. The human POFUT1 gene has been de-
scribed as being ubiquitously expressed, but its expres-
sion has only been analyzed at the level of whole tissue Overexpression of Ofut1 Represses
Notch SignalingNorthern blotting (Wang et al., 2001). To investigate the
expression of Drosophila Ofut1, we conducted in situ The patterned expression of Ofut1 mRNA suggested
that Ofut1 expression levels might be regulated duringhybridization to Drosophila tissues throughout develop-
ment. Ofut1 mRNA is expressed ubiquitously and normal development to influence Notch signaling. In or-
der to begin to examine this possibility, we investigatedstrongly in early embryos, from stages one through eight
(Figure 6). Since zygotic transcription begins around the consequence of ectopic or overexpression of Ofut1.
While lower level expression of Ofut1 generates only thestage four, the detection of high levels of expression
prior to this indicates that Ofut1 mRNA is provided ma- mild wing vein phenotype described above (Figure 2B),
higher level expression resulted in a wide range of phe-ternally. Indeed, high levels of Ofut1 are detected in
germline cells during oogenesis (not shown). During notypes that are characteristic of a loss of Notch signal-
ing. Thus, depending on the Gal4 line used to drivegermband extension, around stage 9, Ofut1 levels begin
to decline, and there is a sharp drop in mRNA levels expression of UAS-Ofut1, and the strength of expression
driven by a particular insertion, rough eyes, thickenedaround stage 11 (Figures 6B–6D and data not shown).
After stage 12 Ofut1 mRNA expression is greatly dimin- wing veins, loss of tissue from the wing margin, or extra
bristles on the notum or abdomen were observed (Fig-ished in most cells, but it remains highly expressed in
a few tissues including the lymph gland and the germ ures 3C, 3F, and data not shown).
While many of the Ofut1 overexpression phenotypescells of the gonad (Figure 6E).
At larval stages, Ofut1 is uniformly expressed in some are similar to those observed when iOfut1 is expressed,
overexpression of Ofut1 results in increased bristle den-tissues, such as the wing, leg, and haltere imaginal discs
(Figure 6G), but in other tissues it is spatially regulated. sity (Figure 3F), instead of bald cuticle. This suggests
that increased O-fucosylation impairs lateral inhibition,In the eye disc, Ofut1 mRNA levels are upregulated be-
hind the morphogenetic furrow (Figure 6F), and in the but not SOP lineage decisions. Consistent with this,
Regulation of Notch Signaling by O-Linked Fucose
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Figure 7. Models for Action of O-Fucose Glycans
(A) The extracellular domain of Drosophila Notch contains 36 EGF repeats, 23 of which have potential sites for O-fucosylation.
(B–E) Illustrate the potential for differences in the glycosylation of Notch and the recognition of O-fucose. These schematics are for purposes
of illustration only and do not represent actual patterns of glycosylation.
(B and C) Notch may be regulated by differential O-fucosylation, if different EGF repeats have different affinities for OFUT1.
(D) FNG may glycosylate all O-fucose, or (E) FNG may glycosylate only some O-fucose. We propose that O-fucose glycans are recognized
by lectins, which may be novel Notch cofactors (as depicted), or the Notch ligands themselves.
(D) A lectin (purple) may recognize O-fucose despite FNG-dependent elongation, and (E) distinct lectins may recognize the O-fucose monosac-
charide (yellow) versus more elongated glycans (pink).
staining for expression of ELAV and Prospero at pupal O-fucose is required for normal Notch signaling in many
different organs, including eye, notum, abdomen, wing,stages reveals an increased density of sensory organs,
and leg, and that O-fucose is required for instances ofyet each ELAV-expressing cell remains closely associ-
each of the major modes of Notch signaling: inductiveated with a Prospero-expressing cell (Figure 4H). The
signaling, lateral inhibition, and asymmetric cell lin-difference in phenotypes is not simply quantitative, be-
eages. While our analysis has focused on larval tissues,cause reduced expression of iOfut1 never yields a situa-
we have also conducted a small number of experimentstion in which lateral inhibition is impaired but SOP lin-
in which double-stranded RNA for Ofut1 was injectedeage decisions are not. Instead, as the levels of iOfut1
into embryos. While the results were variable, in someexpression are lowered, sensory organs with bristle
instances a substantial increase in ELAV expressingforming shaft cells are recovered in a well-spaced pat-
cells could be detected, as would be expected if Notchtern (Supplemental Figure S2, available at http://
signaling were also blocked by a decrease in O-fucosewww.cell.com/cgi/content/full/111/6/893/DC1).
during embryonic development.Intriguingly, we also noticed that in flies expressing
Although our studies have been conducted in Dro-Ofut1 under ap-Gal4 control, a particularly strong in-
sophila, we anticipate that the requirement for O-fucosecrease in bristle density occurred in reproducible stripes
in Notch signaling will be conserved in other animals.on the notum (Figure 3F). This implies that some other
The existence of multiple potential O-fucose sites isfactor exists which can modulate the consequences of
highly conserved among Notch receptors and NotchOFUT1 overexpression. As FNG is expressed in stripes
ligands from different vertebrates (Moloney et al., 2000b;in the pupal notum (V. Panin and K.I., unpublished data),
Panin et al., 2002). The decreased ability of Jagged1 to
we examined the influence of FNG on the OFUT1 overex-
signal to Notch1 in Lec13 cells is also consistent with
pression phenotype by co-expressing FNG and OFUT1. a role for O-fucosylation in regulating Notch signaling
Indeed, the induction of additional microchaete was par- in mammals (Chen et al., 2001; Moloney et al., 2000a).
tially suppressed in the notums of ap-Gal4 UAS-fng Even C. elegans, which lacks an fng gene, has a putative
UAS-Ofut1 flies (Figure 3G). EGF O-fucosyltransferase (Wang et al., 2001), and both
of the C. elegans Notch receptors, lin-12 and glp-1,
Discussion include potential sites of O-fucosylation. Thus, O-fuco-
sylation may be an ancient and fundamental component
O-Fucose Is Required for Notch Signaling of Notch signaling. However, there are also likely to be
Based on the phenotypes generated by RNAi-mediated other important substrates of EGF O-fucosyltransferase
degradation of Ofut1 mRNA, we conclude that O-fucose in mammals that do not exist in Drosophila, as removal
is essential for most, and possibly all, aspects of Notch of O-fucose from uPA by chemical treatment (Rabbani
signaling, and hence that the enzyme that catalyzes its et al., 1992), or from Cripto by mutation of the amino
synthesis, OFUT1, can be considered a core component acid to which fucose is normally attached (Schiffer et
of the Notch signaling pathway. Notch plays essential al., 2001; Yan et al., 2002), impairs their function.
roles in many different tissues, and new roles for Notch
signaling continue to be discovered each year. Thus, it Roles of O-Fucose Glycans in the Notch Pathway
is not practically feasible to prove that all Notch signal- Our studies position a positive requirement for O-fucose
in the signal-receiving cell, as iOfut1 expression inhibitsing requires O-fucose. However, we find at least that
Cell
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Notch signaling cell autonomously, and does not impair many EGF repeats. Lectins typically have only low affin-
ity for individual sugars, and high avidity lectin-sugarthe ability of ligands to signal to neighboring cells. Epi-
stasis and antibody staining experiments further posi- binding is achieved by multivalent interactions of lectins
with sugars (reviewed in Sacchettini et al., 2001). Thus,tion this influence of Ofut1 upstream of the proteolytic
cleavages that are associated with Notch activation. we propose that an array of EGF repeats acts as a
scaffold for the display of O-fucose glycans, and thusTogether, all of these results are most consistent with
the hypothesis that the key positive target of OFUT1 in allows for high avidity binding to multivalent lectins (Fig-
ures 7B–7E). This hypothesis further implies that quanti-the Notch pathway is the Notch receptor itself. This
inference fits well with the observations that Notch is a tative differences in the binding of lectins to EGF repeats
may be achieved by varying the fucosylation status ofsubstrate for OFUT1, and that it contains up to 23
O-fucose sites among its 36 EGF repeats (Figure 7A). the Notch receptor or its ligands.
The lectin hypothesis also suggests explanations forWe suggest that O-fucose is required either for the bind-
ing of ligands to Notch, or for the proteolytic cleavage how both the O-fucose monosaccharide and the more
elongated O-fucose glycans that form in the presence ofof Notch.
Strikingly, overexpression of Ofut1 suggests that Fringe can influence Notch signaling. Because different
lectins can recognize distinct glycans, we postulate theO-fucose has a second, negative role in Notch signaling.
This negative role appears to be qualitatively distinct, existence of O-fucose binding lectins that are required
for all Notch signaling, as well as distinct lectins thatas it impairs inductive signaling and lateral inhibition,
but not cell lineage decisions. We speculate that these bind Fringe-dependent glycans, such as the Gal-1,4-
GlcNAc-1,3-Fuc trisaccharide that has been implicatedopposing influences of O-fucosylation could involve
positive and negative roles for distinct EGF domains on in the inhibition of Jagged1 signaling (Chen et al., 2001)
(Figure 7). In this model, the general positive requirementNotch or its ligands, coupled to different affinities of
these EGF domains for OFUT1. As enzyme levels vary, for the O-fucose monosaccharide in Notch signaling and
the localized positive effect of FNG-dependent glycansso too would the profile of O-fucosylation on EGF do-
mains (Figures 7B and 7C). Intriguingly, Ofut1 mRNA is in certain tissues could be reconciled if only a subset
of O-fucosylated EGF repeats are actually substratesdownregulated in most but not all cells during embryonic
development, and its levels are also modulated in certain for FNG (Figure 7E). Alternatively, it could be that a
positively required lectin binds O-fucose regardless oftissues including the eye imaginal disc, larval brain, and
larval CNS. The transition between high and low levels whether it is the terminal or an internal sugar, but its
affinity is altered (Figure 7D). In contrast, since the nega-of Ofut1 during embryogenesis corresponds to a period
of lateral inhibition, when the neural and ectodermal tive influence of OFUT1 overexpression on Notch sig-
naling was suppressed by co-expression with FNG, itprecursors are specified by Notch signaling. Thus, this
process may require moderate levels of Ofut1 for effec- may involve a lectin that specifically requires a terminal
O-fucose. The identification of lectins that bind totive Notch regulation. Although there are many regula-
tory inputs into the Notch pathway, our present data O-fucose glycans would make it possible to test and
extend these hypotheses, and thus constitutes an im-suggest that O-fucose may have multiple, distinct roles
in Notch signaling, and that regulation of OFUT1 expres- portant goal for future research.
sion may contribute to the pattern of Notch activation
Experimental Proceduresduring development.
Cloning of Drosophila OFUT1
Action and Regulation of O-Fucose Glycans BLASTP searches with the coding sequence of POFUT1 identified
Two basic mechanisms exist for how glycosylation CG12366 as the closest Drosophila homolog, while TBLASTN
could influence protein function: glycosylation may elicit searches against Drosophila ESTs (BDGP) initially identified two
cDNA clones (SD06791, GH05233), and currently identify six addi-a conformational change within a protein, or it may mask
tional clones. SD06791 and GH05233 are incomplete at the 5 end,or establish a recognition site for interactions between
but the Ofut1 mRNA sequence can be extended upstream by over-proteins. An influence of O-fucose glycans on the struc-
lapping ESTs. Our sequencing revealed one polymorphism;
ture of individual EGF domains of Notch is unlikely, as SD06791 encodes V371, but GH05233 and CG12366 encode E371.
NMR studies have demonstrated that addition of O-fucose Since V371 is conserved among the CHO, human, mouse, and C.
to the Factor IX EGF domain does not significantly influ- elegans homologs, we used V371 for functional analysis.
ence the polypeptide fold (Kao et al., 1999). Some EGF
domains bind Ca2, which can influence the rigidity of Fucosyltransferase Assays
OFUT1 truncated at aa 23 was amplified by PCR from SD06791EGF repeats (reviewed in Stenflo et al., 2000). Although
using the Fut5BglII primer (5-AGCTCAAGATCTGCCCAATTGGGGthe potential influence of O-fucose glycans on Ca2
GGCGATCCCAAT and the XhoFutStopR primer (5-CCTGTTCTCbinding is unknown, several observations nonetheless
GAGTTACAGCTCCTCGTGCACGT-3) and then cloned into pMT/
lead us to favor the recognition site hypothesis. Bip/V5-His A (Invitrogen) to generate pMT/Bip/Ofut1. pMT/Bip/
Proteins that bind to sugars without modifying them Ofut1 or pMT/Bip/V5-His A (as a control) were transfected into S2
cells using Cellfectin (Life Technologies) and cells were cultured forare classified as lectins. If the action of O-fucose glycans
24 hr in M3 medium with 10% FCS, followed by 24 hr in HyQ-CCM3involves lectin-based recognition, it could be either that
medium (HyClone). This medium was concentrated 100-fold usingthe Notch ligands themselves are lectins, or that there
Ultrafree-4 Filter Units (Millipore), and buffered in 100 mM imidazole-exist other Notch signaling cofactors that function as
HCl, [pH 7.0]. Fucosyltransferase assays were performed in 50 mM
lectins. The hypothesis that lectin-based recognition is MnCl2, 100 mM imidazole-HCl, [pH 7.0], 0.1 mM GDP-[14C]fucose
essential for Notch signaling suggests an explanation (20000 dpm/nmol), and 20 M EGF factor VII substrate (Genentech),
together with either 1.5 l concentrated media or CHO EGFas to why the extracellular domain of Notch contains so
Regulation of Notch Signaling by O-Linked Fucose
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O-fucosyltransferase (Genentech) as an enzyme source, in a volume PCR was performed in a Smart Cycler (Cepheid) using the Quan-
tiTect SYBR Green RT-PCR Kit (Qiagen), with the Ofut1 primersof 20 L. After incubation at 37C for 2 hr, the reaction was applied
to a LC-18 SPE tube (Supelco), washed, and eluted with 1 ml 80% OFUT1F-25 (5-GGTCAAAGAAAATCGAAGCCGG-3) and
OFUT1R805 (5-TGCCAAAGCGTCCCATACAC-3), and as an inter-acetonitrile, 0.052% TFA.
nal control, eIF2 primers eIF2F684 (5-TGCTACGGTTACGAGGG
CATC-3) and eIF2R805 (5-GTGGTCATTACATAGAGTGGCGGT-RNAi in S2 Cells
3) primers. Melt curve analysis showed a single sharp peak for allS2 cell RNAi was performed essentially as described in (Clemens
samples. The average amount of Ofut1 relative to eIF2 (from threeet al., 2000). A BglII/ EcoRI fragment from UAS-iOfut1, correspond-
independent isolations) was 1.54 (/ 0.22) in wild-type, and 0.12ing to nucleotides 154–967, was cloned into a vector (L4440) con-
(/ 0.05) in da-Gal4 UAS-iOfut1.taining dual T7 promoters flanking multiplecloning sites. The resul-
tant construct was subjected to PCR with T7 primers, and dsRNA
Tissue Stainingwas prepared using the MEGAscript T7 Kit (Ambion). One hundred
Antibody staining was performed essentially as described pre-twenty-eight g of dsRNA was added to S2 cells cultured in 10 cm
viously (Panin et al., 1997), using the primary antibodies: mousedishes 24 hr before induction of FLAG-ECN with CuSO4.
anti-Wg (4D4, DSHB), rat-Elav (DSHB), mouse anti-Prospero (H.
Dou), rabbit anti-Spalt (R. Schuh), rat anti-Ci (R. Holmgren), rabbitGlycosyltransferases Assays on FLAG-ECN
anti-Vg (S. Carroll), mouse anti-Notch (C17.9C6 and C458.2H,FLAG-ECN was isolated from S2 cells after transient transfection
DSHB), rat anti-SER, guinea pig anti-DL (M. Muskavitch), mouseas described previously (Moloney et al., 2000a), either with or without
anti--gal (Sigma) and rabbit anti--gal (Cappel). In situ hybridizationdsRNA treatment. After washing three times with 50 mM Tris-HCl,
to mRNA was carried out as described previously (Irvine and[pH 7.4], 150 mM NaCl, M2 beads were incubated for 1 hr with
Wieschaus, 1994), using in vitro transcribed SD06791.purified Fringe in 50 mM Hepes, [pH 7.0], 10 mM MnCl2, 150 mM
NaCl, 0.2% Trition-X and 1 M UDP-[3 H]GlcNAc (60 Ci/mmol; ARC)
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